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Bending and compression parallel-to-the-grain tests were conducted on approxi-
mately 200 dry southern pine 140- by 140-mm (6- by 6-in. ) timbers, 3 m (10 ft. ) long,
sampled from two mills in the South. Dynamic modulus of elasticity (MOE) was also
obtained using pulse echo stress wave techniques. The results suggest that currently
assigned allowable bending strength, compressive strength, and MOE values are
appropriate for Select Structural and No. 2 visual grades. The relationship between
bending strength and compressive strength parallel to the grain was found to be similar
to that for standard 38-mm- (nominal 2- in.-) thick dimension lumber. A significant
relationship was found between pulse echo MOE and static bending properties and
between specific gravity and static bending properties. We conclude that there are no
technical barriers to the development of a mechanical grading system for structural
timbers. Such a system would provide more precise assignment of allowable properties
and thus allow better utilization ofthe forest resource. However, new grading and quality
control procedures would have to be developed and approved before mechanical grading
of timbers could be conducted under the American Lumber Standard system.

T imbers are defined as lumber 114
mm (5 in.) or more in the least dimension
(ASTM D 9 (2)). Structural timbers are
used in many ways, from transportation
structures such as railroad bridges to tim-
ber-frame structures for farm or commer-
cial settings. In 1994, timbers represented
3.1 percent of the estimated 1.1 million
m3 (15.01 billion board feet) of southern
pine lumber production (figures supplied
by Southern Forest Products Association
(SFPA) and include production of 4 by
dimension lumber).

The grading of structural timbers is
based on visual assessment of growth
characteristics and defects, with proper-
ties derived from tests of small, clear
specimens (ASTM D 245 (2)). Unlike
the data on dimension lumber graded by
visual means, little data are available for
assessing current property assignments
for structural timbers. Also, mechanical

grading procedures commonly used with
38-mm (2-in.) dimension lumber are not
available for timbers. The lack of me-
chanical grading alternatives makes
more precise property assignments im-
possible. Thus, designers of timber struc-
tures cannot optimize their structural de-
signs to meet individual needs.

The objectives of this study were to
assess current property assignments for
visually graded southern pine 140- by
140-mm (6- by 6-in.) timbers and to es-
tablish a technical basis for the mechani-
cal grading of southern pine timbers.

B A C K G R O U N D

V I S U A L  G R A D I N G  O F  T I M B E R S

There are some significant differences
between the application of visual grading
techniques to structural dimension lum-
ber 89 mm (4 in.) and less in thickness
and the application to timbers. Grading
rules for dimension lumber are stand-
ardized across grading agencies. Thus,
for example, the knot sizes for No. 2
lumber are the same regardless of spe-
cies. This was not always true. Prior to
the early 1960s, neither grade names nor
grade descriptions were standardized
across all species. Grade descriptions for
timbers are still not standardized. Thus,
for example, required knot sizes for No. 2
southern pine timbers (18) are not the
same as those for Douglas-fir timbers
(21). Another difference is that dimen-
sion lumber is graded for all intended
uses, For all species except southern
pine, timbers are graded as either beams
and stringers or post and timbers. A beam
and stringer is a member 114 mm (5 in.)
or more in thickness with a width more
than 51 mm (2 in.) greater than the thick-
ness. Beams and stringers are primarily
used to resist bending stress, and the
grade description for the middle third of
the length of the beam is more stringent
than that for the outer two-thirds. Posts
and timbers are members 5 by 5 and
larger, where the width is not more than
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51 mm (2 in.) greater than the thickness.
(See Table 1 for SI equivalents of nomi-
nal dimensions.)

Because posts and timbers are graded
primarily to resist axial compressive
stresses, the grade requirements are the
same regardless of position along the
length of the member. Southern pine tim-
bers are graded without regard to antici-
pated use, as is dimension lumber. For all
species, including southern pine, allow-
able properties for timbers are estimated
from clear-wood data and adjusted ac-
cording to procedures in ASTM D 245.
There are few data for judging the suit-
ability of these property assignments.
M E C H A N I C A L  G R A D I N G  O F

D I M E N S I O N  L U M B E R

Several procedures are available for
machine grading of lumber. The tradi-
tional procedure of machine stress rating
(MSR) relies upon the relationship be-
tween strength and stiffness to establish
grade boundaries. Sorting efficiency for
lumber grades is further controlled by
visual restrictions on allowable edge
knot sizes (6). Qualifying lumber for an
MSR grade is an iterative procedure in
which deflection limits are set for indi-
vidual grades and the resulting output is
tested for conformance to claimed prop-
erties. Traditionally, modulus of elastic-
ity (MOE) and modulus of rupture
(MOR) values have been used to estab-
lish the grade cut-off settings on an MSR
machine. Other property values are de-
termined either as a function of MOR
(ultimate tensile and compressive stress)
or by the clear-wood procedure (shear
strength parallel to grain and compres-
sion strength perpendicular to grain).

The strength–MOR relationships
used to calculate ultimate tensile stress

(UTS) and ultimate compressive stress
(UCS) from MOR were determined from
tests of softwood species (7). For UCS,
the relationship is as follows:

The traditional relationship between
UTS and MOR for MSR lumber is a
discontinuous function (7). Other rela-
tionships may be used with appropriate
quality control.
B ULLETIN 108 D A T A

The most comprehensive data set
available for U.S. timbers is that given in
Bulletin 108 (4). In total, 2,760 tests were
conducted on softwood timbers in sizes
ranging from 5 by 6 to 12 by 12 (Table
2). The bending tests were conducted in
edgewise bending using third-point load-
ing. The beams were tested at a constant
span of 4.6 m (15 ft.), resulting in a
span-to-depth ratio ranging from 14:1 to
22:1. Compression tests were conducted
using 610-mm- (2-ft.-) long pieces cut
from the ends of bending members.

Although an impressive data set, the
data are of limited usefulness. For exam-
ple, the southern pine data were sepa-
rated into green and dry groupings, but
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the dry data had an average moisture
content (MC) of 19 percent with a range
from 12 to 28 percent. Because the per-
centage at which properties cease to be-
come affected by MC is only about 23
percent, little difference was expected, or
found, between green and dry properties.
Also, no standardized grading system ex-
isted at the time these pieces were tested.
Insufficient knot data are given in the
publication to allow sorting into current
grades. The data that were recorded sug-
gests that much of the timber would have
been graded as Select Structural by cur-
rent rules.

A width effect model of the following
form was fit to the southern pine data:

where:
W 1 and W 2=

1 /N=

initial and final specimen
widths corresponding to
initial and final MOR val-
ues of R 1 and R 2

shape parameter for the
width-property relationship.

The shape factor for the Bulletin 108 data
on southern pine was found to be ap-
proximately N = 9 for beams of approxi-
mately equal thickness. This is the same
as that given in ASTM D 245. For 38-
mm- (2-in.-) thick dimension lumber
tested at a constant span-to-depth ratio,
the power factor is N = 2.8 (10). A factor
of N = 9 indicates much less effect of
specimen width on MOR than does a
factor of 2.8. However, the extremely
high quality of the specimens, coupled
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with the difficulty of sorting out much
data of varying widths for a given thick-
ness, make this observation of question-
able utility.

UBC DATA ON
D O U G L A S-F I R  T I M B E R S

Madsen and Stinson (13) of the Uni-
versity of British Columbia (UBC) re-
ported results of tests on 1,684 pieces of
Douglas-fir lumber ranging from 4 by 6
to 8 by 16. All the lumber was obtained
from one mill in Vancouver, B.C. The
green lumber was proof-loaded on edge
in one-third-point bending using a span-
to-depth ratio of 17:1. The rate of loading
was fast, so that failure usually occurred
in 60 seconds or less. The results do not
present a clear trend with respect to the
effect of specimen volume on bending
strength. For a given thickness, strength
was found to generally decrease with in-
creasing width (Fig. 1).

The trend between width and strength
for timbers is similar to that obtained by
Madsen in previous studies on dimension
lumber. It is steeper than that found with
the Bulletin 108 timber data. For current
grades of timber, volume effect relation-
ships found by Madsen and Stinson are
probably more realistic than Bulletin 108
trends. For a brittle material, one would
also expect that strength would decrease
with increasing thickness. However,
Madsen and Stinson found that strength
tended to increase with increasing thick-
ness, for a given width. To explain this
anomalous trend, it was postulated that a
knot is less likely to intersect the whole
tension zone in a timber than it is in
thinner members. Also, if one were to
look at only the data for 6 by and 8 by
timbers, the data appear more linear than
would be expected from the exponential
form given in Equation [2].

Allowable bending properties for tim-
bers in the National Design Specification
(NDS) (1) are given without regard to
beam volume. For Select Structural
Douglas Fir-Larch (North) Beams and
Stringers, 2.1 Fb is 23.2 MPa (3.36 × 103

psi), and for No. 1 grade it is 18.9 MPa
(2.73 × 103 psi) (1). Most strength values
for timbers obtained by Madsen and
Stinson were higher than these allowable
values. The MOE values were also gen-
erally higher than the current NDS values
of 11.0 GPa (1.60 × 106 psi), for both
grades, especially for Select Structural.

M O I S T U R E  C O N T E N T  E F F E C T S

O N  T I M B E R  P R O P E R T I E S

ASTM D 245 provides factors that
can be used to estimate changes in timber
properties as a result of seasoning. For
MOE, a 2 percent increase is allowed for
seasoning from green to 15 percent
maximum MC. For UCS parallel to the
grain, a 10 percent increase is allowed.
No increase in MOR above the green
values is allowed for seasoned timbers.

Data on approximately 50 green and
dry Sitka spruce and western hemlock 8
by 16 timbers cut in Alaska were reported
in USDA Technical Bulletin No. 226
(14) (Table 3). Each of the selected trees
was 9.8 m (32 ft.) long. Half of each tree
was used to obtain a dry specimen, and

the other to obtain a green specimen. Use
of the butt log for the dry specimen was
alternated between trees. By current
standards, the timbers were generally of
high quality. Approximately 86 percent
of western hemlock timbers and 95 per-
cent of Sitka spruce were graded “S2” or
higher (minimum estimated strength
75% that of clear wood) by the rules of
USDA Circular 295 (15). Thus, most
timbers would probably have been
graded as Select Structural by current
rules for western timbers. The green tim-
bers were tested immediately after ship-
ment to the Forest Products Laboratory.
The remaining timbers were air-dried for
several years prior to testing. All timbers 
were tested on edge in one-third-point
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bending using a span-to-depth ratio of
approximately 11:1. The MOE of both
species increased approximately 12 per-
cent in drying to about 17 percent MC.
Fifth-percentile MOR increased 8 to 10
percent, while the average value increase
was closer to 20 percent.

An earlier study (5) on ten 9.8-m-
(32-ft.-) long Douglas-fir 8 by 16 timbers
was similar to Markwardt’s study (14),
except that the tree end to be tested dry
was not alternated from tree to tree. The
results were similar to those of Mark-
wardt (Table 3). About the same time,
Betts (3) presented data on loblolly pine
timbers seasoned slowly undercover for 21
months. This process was used to avoid
excessive checking. Mean MOR increased
about 20 percent and mean MOE increased
about 16 percent (Table 3).

Littleford (12) presented a limited
amount of data from tests of approxi-
mately 27 green and air-dried Douglas-
fir timbers. All the timbers were 6 by 12
in cross section and were tested on edge
in one-third-point bending using a span-to-
depth ratio of approximately 15:1. The
mean MOE of these timbers increased 9
percent upon drying, and the mean MOR
increased 23 percent (Table 3).

This information suggests that the
current ASTM adjustments in timber

properties involve conservative judg-
ments of the effect of MC on flexural
properties. Thus, those conducting re-
search on the properties of timbers
should not assume that their results will
be independent of MC. The property in-
creases might also be achieved for tim-
bers that are used inside a covered
structure, but they may not be achieved
for members directly exposed to
weathering. As with dimension lumber,
MC appears to have less effect on
MOR at the 5th percentile level than at
the mean, and thus the increase de-
pends on lumber quality.

M A T E R I A L S  A N D  M E T H O D S

T I M B E R  S A M P L E

Approximately two-hundred 140- by
140-mm by 3-m (6- by 6-in. by 10-ft.)
untreated southern pine timbers were ob-
tained from mills in Mississippi and Ala-
bama, 100 pieces per mill (Table 4). The
timbers were graded by a quality super-
visor of the Southern Pine Inspection Bu-
reau (SPIB) for characteristics that di-
rectly affect properties, such as knots and
slope of grain. Half the timbers were
Select Structural and half No. 2. The esti-
mated “strength ratio” (theoretical
strength of member with defect divided
by strength of member without a defect
present) was approximately 0.73 for Se-

lect Structural and 0.40 for No. 2 grade.
The timbers were dry when purchased
and were stored for several months prior
to testing. Measurements of the overall
dimensions and weight to the nearest
pound (0.45 kg) were taken for each
timber.

S O R T I N G  P R O C E D U R E

Research has shown that pulse-echo
longitudinal stress wave techniques hold
promise for determining MOE of timbers
(11, 17). To obtain the stress wave meas-
urement of MOE (PE MOE), a double-
threaded screw was placed in the end of
the timber and an accelerometer at-
tached. Pulse energy was introduced to
the specimens through a hammer impact
on the opposite end. Echo waves were
recorded to obtain a time between peaks
on an oscilloscope. The PE MOE was
calculated using the speed of the sound
wave, c, and density ρ of each timber
using the following equation (16):

The 100 timbers of each grade were
ranked on PE MOE and successive pairs
of timbers randomly assigned to one of
two groups. One group was assigned for
testing in bending and the other for test-
ing in compression parallel to grain.
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S TATIC TESTING

Bending tests were conducted accord-
ing to ASTM D 198 procedures (2). The
beams were loaded on edge with loads
applied at the one-third point of the span.
The span-to-depth ratio was 17:1. A con-
stant rate of cross-head movement of
about 5 mm (0.2 in. ) per minute as-
sured failure in about 20 minutes. After
testing, a 25.4-mm- (1-in.-) thick sec-
tion was removed from each timber for
determination of MC and specific grav-
ity (ASTM D 4442 and D 2395,
method A (2)).

Specimens to be tested in compres-
sion parallel to grain were cut to a length
of 2.8 m (9 ft., 3 in.) and the ends squared.
Compression tests were conducted on
these full-length timbers according to
ASTM D 198. The timbers were tested as
short columns using a restraining cage
that provided five supports at 728-mm
(28-in.) intervals on each side along the
length. A loading rate of approximately
2.5 mm (0.1 in.) per minute in cross-head
speed yielded an average time to failure
of about 13 minutes. Modulus of elastic-
ity in compression parallel to the grain
(MOE C) was determined using deflec-
tions measured with two linear variable

differential transformers (LVDTs) on
either side of the member. The MOE C
values reported are the average of the two
readings over the 1.8-m (6-ft.) gage
length. As with the bending specimens,
MC and specific gravity specimens were
collected for each timber after testing.

R E S U L T S  A N D  D I S C U S S I O N

V ISUALLY  GRADED LUMBER

Properties of the visually graded tim-
bers tested in this study are shown in
Table 4. The average specific gravity of
the specimens was less than the value of
0.55 reported in the NDS (1). The MC of
the bending specimens was about 15 per-
cent and that of the compression speci-
mens about 12 percent. This difference
was probably a result of gradual drying
of the room in which the timbers were
stored as winter approached. In all cases,
the properties of Select Structural tim-
bers were significantly higher than those
of No. 2 timbers (at the 0.05 level of
significance) and MOE C was higher
than MOE.

Comparison of properties obtained in
this study with those published for south-
ern pine requires that the values be ad-
justed to an equivalent basis. The allow-

able MOE values given in the NDS are
for a span-to-depth ratio of 21:1 and a
uniformly distributed load. For southern
pine, the NDS values are given for wet
(green) service conditions. We increased
the allowable MOE value 2 percent to
adjust to an average MC of 15 percent
(ASTM D 245). Our timbers were tested
in one-third-point bending and a span-to-
depth ratio of 17:1. The adjustment in
MOE for loading was a correction of
only 1.003 (ASTM D 2915). This slight
correction was ignored in the results. The
average MOE of our data is close to that
given in the NDS (Table 5) and within a
75 percent confidence interval on the me-
dian value.

To compare bending strength values,
we multiplied the allowable bending
strength given in the NDS by the general
adjustment factor of 2.1 (ASTM D 245).
The nonparametric 5th percentile of the
timbers was above the NDS value for
both grades (Table 5).

The NDS value for the allowable UCS
parallel to grain was multiplied by 1.9 to
compare it to the experimental UCS data.
The NDS value was increased 10 percent
for seasoning. The compressive strengths
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determined in our study were well above
those given in the NDS, especially for
No. 2 grade (Table 5). That the clear
wood procedure of ASTM D 245 under-
estimates compressive strength parallel
to grain is consistent with findings for
38-mm- (2-in.-) thick dimension lumber
(19,20).
P R O P E R T Y  R E L A T I O N S H I P S

Property relationships are a basis for
setting allowable properties for both
visually and mechanically graded lum-
ber. The strength–stiffness relationship
for the timbers in our study is given in
Table 6. Although slightly lower than
expected, the coefficient of determina-
tion is still significant and useful. The

lower value may be a result of the limited
data. The correlation between properties
and specific gravity, also shown in Table
6, was approximately the expected
value.

Figure 2 shows the relationship be-
tween compressive and bending strength
for the 5th, 10th, 25th, 50th, 75th, 90th,
and 95th percentiles of MOR. The rela-
tionship for timbers appears to follow the
general trend found for 38-mm (2-in.)
dimension lumber (7-9). The slight de-
gree of instability, as evidenced by the
higher ratio of the 90th and 95th percen-
tile points, was probably a result of the
limited number of specimens. However,
we conclude that the general UCS/MOR

relationship used to assign properties to
mechanically graded lumber could be
applied to mechanically graded southern
pine timbers. Further, it would appear
that the conservative relationship given
in ASTM D 1990 (2) for assigning com-
pressive properties to visually graded di-
mension lumber could be applied to visu-
ally graded timbers that are not tested in
compression.
P O T E N T I A L  F O R

M E C H A N I C A L  G R A D I N G

One objective of our study was to
evaluate the technical basis for estab-
lishing a mechanical grading system for
structural timbers. The first step would
be to establish a 95 percent lower confi-
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dence limit on the MOE–MOR regres-
sion (Fig. 3). This could be used to set
grade boundaries for proposed mechani-
cal grades. Non-strength-reducing char-
acteristics, such as wane or warp, would
likely be set equivalent to those of No. 2
timbers. The next step would be to sort
out a group of timbers (e.g., 60 per grade)
that meet the MOE and visual require-
ments and test them to verify the pro-
posed properties. Allowable knot restric-
tions could be set by comparing knot
sizes of timbers that failed to make the
proposed grade and those that survived
the minimum load requirement. Such a
two-step process is already in progress
for oak timbers (8, 11).

We did not conduct tensile tests on
southern pine timbers. However, prop-
erty relationships between MOR and
MOE, and between UCS and MOR, seem
to follow the trends expected for dimension
lumber. Thus, we see no reason to doubt the
ratio between tensile and bending strength
of 0.55 given in ASTM D 245.

Our results indicate that there are no
technical barriers to establishing a me-
chanical grading system for timbers.
Such a system would allow more precise
property assignment than currently pos-
sible with visual grading. Further, a me-
chanical grading system would allow us-
ers to optimize structural design to meet
their individual needs by specifying
grades having properties not currently
possible with visual grading. Acceptance
of this procedure by the American Lum-
ber Standards system would require ap-
proval of grading and quality control pro-
cedures. Evaluation of this system for
mechanical grading of recycled timbers,
and for grading timbers in place in wood
structures, would be logical extensions of
this research.

C O N C L U S I O N S

The results of this study on the prop-
erties of dry southern pine 6 by 6 tim-
bers led to the following conclusions:

1. Bending strength and MOE data
support the currently assigned allowable
Fb and E values.

2. Compressive strength parallel-to-
grain data suggest that the currently as-
signed allowable compressive strength
parallel to grain, Fc, is conservative.

3. The relationship between ultimate
compressive stress parallel to grain and
modulus of rupture is essentially the
same as that observed for dry 38-mm

(2-in.) hardwood or softwood dimension reason to hinder the development of a
lumber. mechanical grading system for southern

4. There are significant relationships pine timbers. Such a system would allow

between MOR and MOE, as deter- more efficient utilization of structural
mined by static and pulse-echo stress timbers.
wave procedures. L I T E R A T U R E  C I T E D

5. There is apparently no technical 1. American Forest & Paper Association. 1991.
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